To cope with oxidative stress, the metabolic network of plant cells must be reconfigured either to bypass damaged enzymes or to support adaptive responses. To characterize the dynamics of metabolic change during oxidative stress, heterotrophic Arabidopsis (Arabidopsis thaliana) cells were treated with menadione and changes in metabolite abundance and 13 C-labeling kinetics were quantified in a time series of samples taken over a 6 h period. Oxidative stress had a profound effect on the central metabolic pathways with extensive metabolic inhibition radiating from the tricarboxylic acid cycle and including large sectors of amino acid metabolism. Sequential accumulation of metabolites in specific pathways indicated a subsequent backing up of glycolysis and a diversion of carbon into the oxidative pentose phosphate pathway. Microarray analysis revealed a coordinated transcriptomic response that represents an emergency coping strategy allowing the cell to survive the metabolic hiatus. Rather than attempt to replace inhibited enzymes, transcripts encoding these enzymes are in fact down-regulated while an antioxidant defense response is mounted. In addition, a major switch from anabolic to catabolic metabolism is signaled. Metabolism is also reconfigured to bypass damaged steps (e.g. induction of an external NADH dehydrogenase of the mitochondrial respiratory chain). The overall metabolic response of Arabidopsis cells to oxidative stress is remarkably similar to the superoxide and hydrogen peroxide stimulons of bacteria and yeast (Saccharomyces cerevisiae), suggesting that the stress regulatory and signaling pathways of plants and microbes may share common elements.
To cope with oxidative stress, the metabolic network of plant cells must be reconfigured either to bypass damaged enzymes or to support adaptive responses. To characterize the dynamics of metabolic change during oxidative stress, heterotrophic Arabidopsis (Arabidopsis thaliana) cells were treated with menadione and changes in metabolite abundance and 13 C-labeling kinetics were quantified in a time series of samples taken over a 6 h period. Oxidative stress had a profound effect on the central metabolic pathways with extensive metabolic inhibition radiating from the tricarboxylic acid cycle and including large sectors of amino acid metabolism. Sequential accumulation of metabolites in specific pathways indicated a subsequent backing up of glycolysis and a diversion of carbon into the oxidative pentose phosphate pathway. Microarray analysis revealed a coordinated transcriptomic response that represents an emergency coping strategy allowing the cell to survive the metabolic hiatus. Rather than attempt to replace inhibited enzymes, transcripts encoding these enzymes are in fact down-regulated while an antioxidant defense response is mounted. In addition, a major switch from anabolic to catabolic metabolism is signaled. Metabolism is also reconfigured to bypass damaged steps (e.g. induction of an external NADH dehydrogenase of the mitochondrial respiratory chain). The overall metabolic response of Arabidopsis cells to oxidative stress is remarkably similar to the superoxide and hydrogen peroxide stimulons of bacteria and yeast (Saccharomyces cerevisiae), suggesting that the stress regulatory and signaling pathways of plants and microbes may share common elements.
Oxidative stress is a key underlying component of most abiotic stresses (Mittler, 2002; Apel and Hirt, 2004) and a major limiting factor of plant growth in the field (Mittler, 2006) . Production of reactive oxygen species (ROS) and other radicals increases dramatically during abiotic stress conditions and oxidative stress occurs when the rate of ROS production outstrips the capacity of antioxidant systems to detoxify them. The result is oxidative damage to key biomolecules such as proteins, lipids, and DNA leading to cellular dysfunction and ultimately cell death (Halliwell, 2006) . In specific cases, ROS may also directly induce genetic programs that lead to cell death (Wagner et al., 2004) . To avoid these cell death scenarios, plants invoke a molecular response that allows them to cope with, and adapt to, the oxidative stress situation. The precise nature of this molecular response remains poorly characterized. Many stress-related genes have been identified and the list of antioxidant enzymes and metabolites present in plants continues to be extended (Mittler et al., 2004) . It is also apparent that there are specific transcriptomic responses to oxidative stress (Gadjev et al., 2006) and specific regulatory elements of this transcriptomic response are beginning to be uncovered (Davletova et al., 2005) . However, an intellectual reconstitution of the mechanism by which these myriad molecular changes lead to adaptation has yet to be realized.
In microbial systems it is well established that metabolic change is a key part of the response to oxidative stress. In yeast (Saccharomyces cerevisiae), for example, a distinct hydrogen peroxide (H 2 O 2 ) stimulon is observed in which a key event is the rerouting of central carbohydrate metabolism with a diversion of carbon away from respiratory pathways and into the oxidative pentose phosphate pathway (OPPP) to provide reductant for antioxidant metabolism (Godon et al., 1998) . Moreover, the gene expression events that underpin these changes in microbes appear to be regulated by specific redox-sensitive transcription factors (Liu et al., 2005) . Despite the fact that metabolic change is central to the microbial response to oxidative stress, the role of metabolism during oxidative stress in plants has largely been overlooked. What little is known generally relates to inactivation of enzymes by oxidative damage. For example, enzymes of the tricarboxylic acid (TCA) cycle such as aconitase, pyruvate-, and 2-oxoglutarate-dehydrogenase are known to be sensitive to oxidative inhibition (Verniquet et al., 1991; Sweetlove et al., 2002) . While proteomic approaches are beginning to systematically catalogue oxidative modification of proteins (Moller and Kristensen, 2006) , only in a few instances has the connection between this oxidation and loss of protein function been demonstrated (Hancock et al., 2005) .
Consequently, there are a number of important open questions regarding the role and nature of metabolic change during oxidative stress. How widespread is oxidative inhibition of metabolism? What are the consequences of this inhibition for continued growth and survival of the plant? To what extent is metabolism reprogrammed to bypass inhibited steps and to support antioxidant activity? What role does gene expression play in the regulation of such metabolic reprogramming? Without knowing the answers to such questions, it is difficult to gauge the physiological consequences of oxidative stress and impossible to define the nature of the coping strategies that might be implemented. In an attempt to address these issues, we have undertaken a systematic investigation of metabolic change in Arabidopsis (Arabidopsis thaliana) cells exposed to oxidative stress using established metabolomic approaches. However, to go beyond the usual metabolic snapshot taken at a single time point, we analyzed a time series of samples to capture the dynamics of the response. We also quantified changes in mass isotopomers in this time series as a result of the introduction of [U-13 C]Glc at the beginning of the treatment. We demonstrate that the resultant dynamic metabolite labeling profiles provide an additional and sensitive measure of the metabolic phenotype (Harada et al., 2006) and reveals changes that are not apparent from the metabolite abundance changes alone. We relate these metabolic changes to transcriptomic changes measured in the same samples. The integrated datasets provide important new information about the extent of metabolic change during oxidative stress and reveal the nature of the molecular response strategy that allows the cell to overcome the oxidative insult.
RESULTS

Experimental System
The experimental strategy we wished to pursue was to induce oxidative stress in Arabidopsis cells and follow metabolic change over the initial period of the response by profiling changes in metabolite abundance and labeling (from exogenously supplied [U-
13 C]Glc).
Parallel measurements of transcriptomic change would provide insight into the underlying regulatory mechanisms of this metabolic change. Awell-established heterotrophic Arabidopsis cell suspension culture (May and Leaver, 1993 ) that has been the subject of previous investigations into the response to oxidative stress (Desikan et al., 2001; Sweetlove et al., 2002; Tiwari et al., 2002) was used. To cause oxidative stress, we added the redox-active quinone, menadione, to the growth medium . The main site of ROS production due to addition of menadione to heterotrophic cells is the mitochondrial electron transport chain where menadione competes with the ubiquinone pool for electrons from complexes I and II (Thor et al., 1982) . However, menadione may also be active in other membrane systems. The menadione treatment was further optimized for the heterotrophic Arabidopsis cell suspension culture used here to ensure that the treatments caused reproducible metabolic changes without having a detrimental effect on cell viability. It was found that 60 mM menadione led to an inhibition of the TCA cycle enzyme aconitase (Supplemental Fig.  S1 ), a sensitive indicator of oxidative stress (Verniquet et al., 1991) . This treatment did not significantly affect cell viability (Supplemental Fig. S1 ) and cells continued to grow and divide over a subsequent 4 d period (data not shown). Preliminary experiments indicated that most metabolite abundance changes following the introduction of menadione stabilized after 6 h (data not shown). This suggests that the initial metabolic perturbation and subsequent response had occurred during this period and the system had established a new steady state. We therefore decided to investigate metabolic change during this period in more detail.
Metabolite Abundance Change following Oxidative Stress
A total of 50 polar metabolites were analyzed representing a range of pathways mainly of primary metabolism. Although additional metabolites could be identified in the gas chromatography-mass spectrometry (GC-MS) spectra (and the complete data set is given in Supplemental Table S1 ), this set of 50 represented those for which we could also reliably detect 13 C-labeled mass isotopomers (see subsequent section: ''Changes in Metabolite Labeling Kinetics following Oxidative Stress''). The amount of each metabolite at each time point following imposition of oxidative stress was compared to the equivalent control time point. Figure 1 shows the time series of those metabolites that were significantly different from control (t test, P , 0.05) in at least two consecutive time points. The complete dataset is presented in Supplemental Figure S2 . A total of 23 metabolites (46% of those analyzed) were significantly affected by the oxidative stress treatment in at least two consecutive time points, demonstrating that oxidative stress had a considerable impact on primary metabolism. Of the 23 metabolites that were changed, 16 were decreased and seven were increased relative to the control. When these changes are mapped onto the metabolic network it can be seen that they are not randomly distributed, but instead occur coordinately in distinct localized regions of the network (Fig. 3) .
Most of the increases in metabolite levels occur in the linked pathways of glycolysis and the OPPP. In glycolysis, there were significant increases in the hexose phosphates, Glc-6-P, and Fru-6-P, as well as 3-phosphoglycerate (3-PGA). There were also major increases in gluconate and Rib, which are most likely derivitization-degradation products of the OPPP intermediates, 6-phosphogluconate and Rib-5-P, respectively. The accumulation of these metabolites suggests that there is a relative decrease in the flux through pathways downstream of glycolysis and the oxidative branch of the OPPP. Consistent with this suggestion are the observed decreases in the levels of amino acids linked to downstream glycolytic intermediates or the TCA cycle. There were decreases in Ser and Gly (linked to 3-PGA), Ala (linked to pyruvate), in the Asp branch of amino acids linked to oxaloacetate (Asp, b-Ala, homoserine, Met, and Thr), and in the Glu branch linked to 2-oxoglutarate (Glu, Gln, and Pro). There was also a pronounced decrease in malate that may indicate a perturbation of the TCA cycle.
The increases in gluconate and Rib suggest an increase in flux through the oxidative branch of the OPPP relative to the nonoxidative branch. The increases in both of these metabolites are substantial yet transient. Gluconate reaches a peak of nearly 2-fold control level at 1 h and thereafter declines back to control level by 4 h. Ribose reaches a peak of 3-fold control level slightly later, at 3 h, and similarly declines back to control level by 5 h. The time shift in the peak point of these two metabolite profiles suggests a sequential accumulation of metabolites within the OPPP. There is also a sequential accumulation of glycolytic intermediates, with 3-PGA showing a peak increase at 1 h before gradually declining, while Glc-6-P and Fru-6-P are not significantly increased until 3 h. This is consistent with a gradual backing up of glycolysis due to inhibition of downstream fluxes. The steady decline of metabolites back to control level suggests that adaptive regulatory changes in enzyme activity are occurring.
There is evidence of ascorbate turnover in both control and oxidative stress-treated cells, with a rapid decrease in ascorbate levels within the first hour. This indicates that there is a degree of oxidative stress even in the control cells at the beginning of the experiment, probably due to handling of the cells (the experiment demands that the cell culture medium is replaced with new medium containing the treatment and the 13 C-Glc). However, in the control cells the ascorbate levels rapidly recover, indicating the oxidative stress is transient. In contrast, in the menadione-treated cells ascorbate levels fail to recover, indicating a more prolonged and severe oxidative stress. Moreover, there is a pronounced accumulation of threonate, a breakdown product of ascorbate. Ascorbate is one of the principal antioxidant molecules in the cell and the production of ascorbate breakdown products indicates a failure to recycle all of the oxidized ascorbate via the ascorbate-glutathione cycle. There was also a modest increase in glycerol-3-P after 3 and 4 h, although the levels of this metabolite were not changed at other points in the time course.
Change in 13 C-Labeling Kinetics following Oxidative Stress
Metabolite abundance changes give a clear indication of perturbation in the metabolic network in the form of an altered relationship between influx into and efflux from a metabolite pool (Raamsdonk et al., 2001 ). However, it is possible for metabolic flux to change without affecting metabolite levels (Fell, 2005; Fernie et al., 2005) . This occurs when the flux change is coordinated through a pathway such that change of influx into metabolite pools is exactly balanced by change in efflux. To identify additional areas of metabolic perturbation that are not apparent from metabolite abundance alone, we also followed the kinetics of distribution of 13 C label from [U-13 C]Glc into the various metabolite pools analyzed. Of the 50 metabolites analyzed, there were significant changes in the amount of label in at least two consecutive time points in 27 (54%) of the metabolites (Fig. 2) . The complete dataset is presented in Supplemental Figure S3 . When these changes are mapped onto the metabolic network ( Fig.  3) , it can immediately be seen that a qualitatively similar pattern of change to that of metabolite abundances is observed, confirming the areas of metabolic perturbation identified from metabolite abundance change. However, there were additional changes in the labeling data that were not apparent in the metabolite abundance time series. In particular, there were significant decreases in the labeling of all measured TCA cycle acids which, with the exception of malate, were unaltered in abundance in response to the oxidative stress treatment (Figs. 1, 2, and 3). The fact that there were decreases in the abundance of the Glu and Asp families of amino acids led us to suggest that there was an inhibition of flux through the TCA cycle. The decreased labeling of TCA cycle acids while their abundance is unaltered is consistent with this idea and suggests coordinated decreases in flux through all steps of the TCA cycle. However, this interpretation of the labeling data must be made with caution. It is equally possible that there is no decrease in flux through the TCA cycle and a decrease in the labeling of pyruvate (the immediate precursor) is responsible for the decreased labeling of TCA cycle acids. To distinguish between these two possibilities, it is necessary to track backwards through the metabolic network and look at the abundance and labeling patterns of earlier metabolites. Although we do not have any information for the labeling of pyruvate, we do have data for 3-PGA, three steps upstream of pyruvate in the glycolytic sequence. 3-PGA is increased in abundance ( Fig. 1 ) but its labeling pattern is essentially unchanged (Supplemental Fig. S3 ). This strongly suggests a decreased efflux from the 3-PGA pool that would lead to the observed increased abundance while having a limited impact on the accumulation of label. In other words, it is likely that there is a decreased demand for 3-PGA from downstream processes such as the TCA cycle. Although we cannot completely rule out changes in the labeling of pyruvate contributing to the labeling pattern of the TCA cycle acids, the available evidence (decrease of efflux from 3-PGA, decreased labeling of TCA cycle acids, and decreased abundance of Glu and Asp family amino acids) corroborates an inhibition of the TCA cycle.
There are several other metabolites unaltered in abundance but that show altered labeling patterns (Supplemental Fig. S2 ; Fig. 2 ). Most notable among these is Suc, which despite unaltered abundance following oxidative stress is labeled at a massively slower rate than in control cells. Suc is synthesized from the hexose phosphate Fru-6-P and UDPGlc that is derived indirectly from Glc-6-P. Since the labeling of both Fru-6-P and Glc-6-P are unchanged (Supplemental Fig. S3 ) a decreased labeling of precursor molecules does not seem to be responsible for the decreased labeling of Suc. Thus, it is likely that the rate of Suc synthesis is significantly decreased in response to oxidative stress. The fact that the amount of Suc does not change may indicate a balancing decrease in the rate of breakdown. There is also a major decrease in labeling of Gal and a smaller decrease of the related sugar raffinose, suggesting a decrease in cell wall biosynthesis. Trehalose, another sugar derived from Glc-6-P, is also labeled more slowly following oxidative stress, similarly suggesting a decreased rate of synthesis. Finally, Phe falls into this category of metabolites unaltered in abundance but with a reduced rate of labeling. The labeling pattern of shikimate, a precursor metabolite of Phe (albeit some distance upstream) is unchanged, indicating that there is a decreased rate of synthesis (and utilization/turnover) of Phe.
The labeling data also allows a more precise interpretation of the metabolic changes in several specific instances. For example, there are many metabolites that decrease in abundance following oxidative stress and the most straightforward interpretation is a decrease in flux through the relevant pathways. However, it is possible for there to be an increase in flux through a pathway that would still lead to a decrease in metabolite levels. For example, if the influx and efflux into a metabolite both increase, but the efflux is increased more relative to influx. To assess whether a qualitative interpretation of labeling patterns can help resolve such issues, we constructed a simple model of metabolite labeling patterns based on mass balance equations (Morgan and Rhodes, 2002; Ratcliffe and Shachar-Hill, 2006) . We examined the possible changes in influx and efflux that could lead to decreasing metabolite abundance (Fig. 4) . Generally speaking, a decreasing metabolite pool resulted in a more rapid labeling of the pool. Distinguishing between the different influx/efflux scenarios that can lead to these increased labeling patterns would require numerical solution of the mass balance equations for flux using the labeling data, which is beyond the scope of this study. However, one of the scenarios can be qualitatively discriminated. That is when both influx and efflux into the metabolite pool are decreased, but influx is decreased relatively more. This is the only scenario that results in a decrease in rate of labeling (Fig. 4) . This pattern (decrease in metabolite pool size and decrease in rate of labeling) is seen for several metabolites following oxidative stress. Where it is reasonable to assume that labeling of the precursor metabolite is unchanged, this provides evidence of a decrease of both influx into and efflux from that metabolite. Thus the labeling data provides evidence for a decrease of flux both into and from the citrate pool, lending further support to the notion that TCA cycle flux is decreased. In addition the data suggest that the flux of synthesis and utilization of Ala is decreased.
Transcriptomic Changes in Response to the Stress Treatments
The metabolite analysis clearly indicates that oxidative stress leads to a major perturbation in the metabolic network. We wanted to understand whether these changes are driven by gene expression or if the transcriptome is instead responding to the metabolic perturbation. If it is the latter, we wanted to investigate the nature of the adaptive change in the metabolic transcriptome. To this end, we analyzed changes in the transcriptome following oxidative stress using a 29 K oligonucleotide microarray (http://www.ag.arizona. edu/microarray/). Two time points were analyzed: 2 and 6 h postimposition of the stress and compared to a control sample at the equivalent time point (for more details of array experimental design and analysis see ''Materials and Methods''). The 2 h time point was chosen because the labeling data indicated that widespread perturbation of the metabolic network was apparent by this point (Fig. 3) . The 6 h time point was chosen because the majority of the metabolite changes had stabilized at this stage (Fig. 2) . The complete transcriptomic dataset is available in Supplemental Table S2 . A total of 10,710 transcripts passed quality control criteria. Significantly altered transcripts (P , 0.05, false discovery rate [FDR] , 0.1%) were identified using a moderated one-sample t test (Smyth, 2004) . Oxidative stress led to significant changes in 32 transcripts after 2 h and 1,063 after 6 h. The complete list of significantly altered transcripts is presented in Supplemental Table S2 .
Changes in Metabolic Transcripts after 2 h of Oxidative Stress
Of the 32 transcripts significantly changed after 2 h of oxidative stress, none encode enzymes of metabolic proteins that are linked to the pathways that are the sites of the major metabolic perturbation (Table I ). This strongly suggests that the metabolic change occurring following oxidative stress is not driven by changes in the metabolic transcriptome. Rather, the initial metabolic change is more likely a direct result of the oxidative insult leading to enzyme inactivation. Of the 32 altered transcripts at 2 h (30 of which were increased in abundance) most have regulatory or signaling functions. For example, several transcription factors were identified including MYB transcription factors, a bZIP transcription factor, and a putative ethylene-responsive transcriptional coactivator. Other regulatory transcripts include a PPR family transcript (PPR proteins are thought to play a role in regulation of organellar RNA processing [Lurin et al., 2004] ), a calcium-dependent protein kinase, and a GTP-binding protein. Collectively these transcripts are likely to underlie the regulation of the more widespread gene expression changes that are evident after 6 h. Interestingly, the list does not contain previously identified regulatory genes that are commonly induced in response to a variety of abiotic stresses. For example, the ZAT12 transcription factor (Davletova et al., 2005) is not induced at either 2 or 6 h (Table I; Supplemental Table S2 ). Similarly two genes of unknown function (At2g21640 and At1g1920) identified as markers of a wide range of abiotic stresses (Gadjev et al., 2006) were not altered at either 2 or 6 h (Table I; Supplemental Table S2 ). However, other stress-responsive regulatory proteins such as a defensin (At2g43510) and WRKY transcription factors (Gadjev et al., 2006) were significantly induced at 6 h (Supplemental Table S2 ). The list of regulatory genes here represents potential targets for engineering improved tolerance of oxidative stress.
Changes in Metabolic Transcripts after 6 h of Oxidative Stress
In contrast to the picture at 2 h, after 6 h of oxidative stress, there is widespread alteration in the abundance of metabolic transcripts (Supplemental Table S2 ). To gain an overview of these changes, the significantly altered transcripts at 6 h were displayed using MapMan software (Thimm et al., 2004; Usadel et al., 2005; Fig. 5) . It can be seen that, in general, there was a decrease in transcripts encoding enzymes of inhibited pathways. For example, there were decreases in two transcripts encoding TCA cycle enzymes: At1g34430 and At2g13560 encoding subunits of pyruvate dehydrogenase and NAD-malic enzyme, respectively ( Fig.  5 ; Supplemental Table S2 ). There were also wholesale decreases in transcripts encoding enzymes of amino acid biosynthesis (Fig. 5) . The metabolic transcript changes provide striking evidence of a switch from anabolic to catabolic metabolism. Transcripts encoding the enzymes of a variety of anabolic pathways including lipid and amino acid biosynthesis and nucleotide metabolism are decreased in abundance at 6 h ( Fig. 5) . At the same time, there are coordinated increases in transcripts associated with lipid and amino acid breakdown ( Fig. 5) . Thus, alternative internal stores of carbon are being mobilized to provide additional respiratory substrates to supplement those normally produced by the TCA cycle. The transcriptome data also suggests that the mitochondrial electron transport chain is being reconfigured with a general decrease in abundance of transcripts encoding cytochrome pathway components and an increase in external NADH dehydrogenases and ATP synthase subunits (Fig. 5) . This probably occurs to bypass oxidatively damaged electron transport chain components and to overcome TCA cycle inhibition by allowing cytosolic NADH to be used as a source of electrons for respiration.
There was also evidence of a transcriptomic response in the antioxidant gene network after 6 h of oxidative stress. For example, several genes of the ascorbate-glutathione cycle, including a dehydroascorbate reductase (At1g75270), a monodehydroascorbate reductase (At5g03630), and a glutathione synthase (At5g27380) are strongly induced ( Fig. 5 ; Supplemental Table S2 ). There were a number of other antioxidant-related changes, including a significant increase in several glutathione-S transferases (Supplemental Table S2 ) that are known to be involved in stress responses and detoxification (Dixon et al., 2002) , a glutathione peroxidase (At4g11600), and several oxidoreductases (Supplemental Table S2 ).
Many of the metabolic transcriptomic changes we observed here were not apparent in a previous microarray study of oxidative stress in Arabidopsis cell cultures (Desikan et al., 2001 ). For example, in the Desikan et al. (2001) study, no significant differences were found in the expression of TCA cycle enzymes or enzymes of amino acid or lipid metabolism. This is probably a reflection of the different means of inducing oxidative stress; the Desikan study used exogenous H 2 O 2 whereas we used menadione to generate superoxide. Application of exogenous H 2 O 2 may generate a very mild intracellular oxidative stress in comparison to menadione due to the activity of extracellular peroxidases (Amor et al., 2000) and will predominantly affect extramitochondrial subcellular compartments. There may also be specific differences in the response to superoxide and H 2 O 2 (Gadjev et al., 2006) . Table I . Significantly altered transcripts after 2 h of oxidative stress Transcript data was analyzed using a moderated one-sample t test to generate P values that were FDR corrected such that FDR was ,0.1%. The transcript abundance ratios (oxidative stress/control) are shown for transcripts with a P value , 0.05. For comparison, the significance of the same transcripts after 6 h of oxidative stress is also shown. NS, Not significant; NA, not analyzed. 
Analysis of Transcriptomic Change by Functional Class Sorting
Although the t statistic used here gives a robust measure of significant differences, it may miss more subtle changes in the transcriptome. Two alternative statistical tests were therefore used to identify such changes. First, functional class scoring (Pavlidis et al., 2002) was used to identify groups of functionally related transcripts in which there was an overall coordinated change (Table II) . In this analysis, relatively few significantly altered functional classes of genes were regulated in the same way at the 2 and 6 h time points, indicating a distinct temporal response. Of the classes that showed similar regulation at both time points, there was evidence for sustained downregulation of nucleotide and DNA metabolism and a sustained induction of transcripts related to development and those of a NAC domain transcription factor family. The NAC domain transcription factor is plant specific and is known to play a role in the response of plants to stress (Hu et al., 2006) . The bZIP class of stress-related transcription factors was also up-regulated, but only after 2 h, confirming the results of the gene-by-gene t test analysis (Table I) . Of the metabolic classes, there were several changes that only occurred after 6 h that also confirmed the t test analysis (Table II; Table S2 ), including a decrease in transcripts associated with purine metabolism and protein synthesis and an increase in those associated with sulfur assimilation. However, there were other changes in metabolic classes that occurred after 2 h and were not apparent in the t test analysis. These included the TCA cycle-associated transcripts and those involved in amino acid biosynthesis, both of which showed a significant decrease in transcript abundance across the functional class after 2 h. Thus, for TCA cycle and amino acid biosynthesis there is a coordinated decrease of transcripts at 2 h but no significant change in individual transcripts (as judged by t test), whereas at 6 h there is no coordinated change in transcripts but a significant decrease of specific individual transcripts. To a certain extent this merely reflects the different nature of the two statistical tests but may also suggest that there is a subtle and more general early response that occurs across the metabolic pathways and specific changes directed at specific parts of the pathways that occurs later.
Identification of Reporter Metabolites from 6 h Transcriptomic Changes
We also identified reporter metabolites: metabolites around which there is significant change in the abundance of transcripts connected to that metabolite (i.e. enzymes that produce and consume that metabolite; Patil and Nielsen, 2005;  Table III ). Several of the identified reporter metabolites are involved in amino acid biosynthesis, including aspartyl-4-P and Asp semialdehyde, which are both intermediates of Lys/ homoserine biosynthesis. There were coordinated decreases of transcripts both upstream and downstream of both of these metabolites, indicating a strong and coordinated decrease in transcripts associated with this pathway. Arg was also identified as a reporter metabolite with a decrease in transcripts encoding enzymes that produce Arg and a decrease in transcripts encoding those that consume it. Other reporter metabolites of central metabolism were identified with evidence of a down-regulation of transcripts around the OPPP intermediate, Rib-5-P, and an increase in transcripts around Suc. The relationship between these transcriptional changes and the measured metabolic changes reveals whether the former are homeostatic in nature or whether they are designed to further alter metabolic flux (see ''Discussion''). There were also changes in secondary metabolites with an increase in transcripts around folate and a decrease around spermidine and putrescine.
DISCUSSION Oxidative Stress Imposes Profound Restrictions on Primary Metabolic Pathways
In this study we followed changes in metabolite abundance and labeling patterns to assess the metabolic phenotype caused by oxidative stress induced by addition of menadione. Even though only mild oxidative stress was induced (we used a concentration of menadione of 60 mM, considerably lower than the 400 mM required to cause oxidative degradation of mitochondrial proteins in the same cell culture line; Sweetlove et al., 2002) , a pronounced metabolic phenotype was uncovered. This phenotype seemed to originate in the mitochondrion with an inhibition of the TCA cycle. This is not unexpected. One of the main sites of ROS production upon addition of menadione to nonphotosynthetic cells is the mitochondrion (Thor et al., 1982) and a number of TCA cycle enzymes including aconitase and the lipoic acid-containing subunits of pyruvate and 2-oxogutarate dehydrogenase are known to be sensitive to oxidative inactivation. What this study does emphasize, however, is the farreaching consequences of TCA cycle inhibition. In Table II . Significantly altered functional classes of transcripts Genes were sorted into bins based on the ontology developed for the MapMan software and significantly altered bins were identified by functional class sorting. In each case, it is indicated whether the overall change of transcript abundance in that bin relative to control is an increase (up) or decrease (down). For each significant bin a P value is shown. NS, Not significant (P . 0.05). particular, the ability of the cell to maintain pools of amino acids whose synthesis depends upon TCA cycle intermediates is severely compromised. Oxidative stress also led to decreases in amino acids such as Gly, Ser, and Ala that are not directly connected to the TCA cycle. Collectively, these metabolic inhibitions will have a major impact upon the continued functioning and survival of the cell: inhibition of the TCA cycle will restrict ATP generation and a failure to maintain the pools of proteinogenic amino acids will ultimately prevent synthesis of new proteins.
Cells Respond by Implementing an Emergency Survival Strategy
Although the metabolic consequences of the menadione treatment are severe, they do not kill the cells that ultimately continue to grow and divide. Clearly this is not possible in the state of metabolic inhibition we have described, implying that the cells are able to respond and adapt to the stress situation. Using transcriptomic analysis we have been able to probe this response. Focusing on the metabolic transcriptome, we have uncovered dramatic changes in gene expression that will lead to a coordinated reconfiguration of the metabolic network. Taken together, these changes can be seen as an organized and decisive emergency response that gives the cell the best chance of surviving the oxidative insult. First, transcripts encoding enzymes of inhibited pathways such as the TCA cycle and amino acid biosynthesis are down-regulated, the strategy seemingly being one of avoiding wastage of energy in producing proteins that will only be immediately oxidatively damaged or will have no function in anabolic pathways starved of precursors. Second, there is wholesale induction of transcripts of catabolic pathways (such as lipid and amino acid breakdown) that will lead to a mobilization of internal carbon reserves. This is coupled with a reorganization of the respiratory pathways to permit ATP to be derived from these catabolic processes in the absence of the normal respiratory route through the TCA cycle. Finally, an antioxidant stress response is mounted, with increased expression of key antioxidant enzymes and a rerouting of glycolytic carbon flow into the OPPP possibly to provide reductant for this antioxidant effort.
Gene Expression for Metabolic Homeostasis
The identification of reporter metabolites is a powerful way of identifying transcriptomic change that is centered on a particular metabolite. However, the identification of such transcriptional changes alone does not necessarily reveal the purpose of the change. Are they homeostatic or are they designed to alter metabolic flux or metabolite levels? By comparison of identified reporter metabolites with the metabolite abundance and labeling changes, it is possible to identify homeostatic regulation of metabolism. For example, the OPPP intermediate Rib-5-P is a reporter metabolite with decreases in abundance of transcripts encoding enzymes both upstream and downstream of this metabolite at 6 h. The amount of Rib-5-P initially increases but then returns back to its initial levels. This suggests that the transcriptomic changes around Rib-5-P are designed to balance the oxidative and nonoxidative branches of the OPPP and bring metabolite levels back to their initial steady-state levels. Another example of homeostatic transcriptional regulation occurs around Arg. Arg is also a reporter metabolite, but in this case pool size is unaltered. The transcriptional change around this metabolite is reciprocal with a decrease in upstream transcripts and an increase in downstream transcripts. This suggests that the transcriptomic changes act to maintain a constant Arg pool size in the face of a reduced flux into this amino acid. In bacteria and yeast, exposure to mild oxidative stress leads to induction of specific genes that allow adaptation such that subsequent more severe oxidative stresses can be tolerated (Pomposiello and Demple, 2002) . In Escherichia coli, the expression of these genes is regulated by two ROS-sensitive transcription factors, OxyR and SoxR/S (Liu et al., 2005) . Although many oxidative stress-responsive promoters have been Expression change values are based on mean ratios of transcript abundance (treatment/control) for all enzymes that either produce or consume that metabolite. All data is 6 h after the imposition of the stress condition. ND, Not determined. (Godon et al., 1998) that is remarkably similar to the one we present in this article. In yeast, it was observed that enzymes associated with the TCA cycle and glycolysis were repressed while those catalyzing reactions of the OPPP were induced, indicating a redirection of carbon from respiration and into the OPPP for NADPH production. In addition, enzymes of the polyamine pathway and those involved in the synthesis of a range of amino acids were repressed. We also observed suppression of TCA cycle, a possible induction of the oxidative branch of the OPPP as well as suppression of amino acid synthesis and suppression of synthesis of the polyamine, spermidine (Table III) . This observation of a common metabolic response to mild oxidative stress in Arabidopsis and yeast provides a new basis for comparative research aimed at identifying the regulatory components of a ROS signaling pathway in plants.
Summary
This article presents a detailed and comprehensive analysis of the short-term effects of oxidative stress on the metabolism of heterotrophic Arabidopsis cells and analyzes the transcriptomic response to those changes. In addition to metabolomic analysis, the value of analysis of 13 C-labeling kinetics in the interpretation of the metabolic phenotype is demonstrated. Based on this analysis it is clear that oxidative stress has an immediate and severe inhibitory impact on several central metabolic pathways. We provide evidence that the extent of metabolic perturbation is much more widespread than previously appreciated. To cope with the resultant metabolic restrictions there is a dramatic change in the abundance of transcripts involved in metabolism, that serves both to mobilize alternative carbon reserves and to reconfigure metabolic fluxes to bypass some of the inhibited pathways. Finally, the discovery of a close similarity between the metabolic and transcriptomic response of Arabidopsis cells and microbial systems to oxidative stress will provide new impetus to comparative research aimed at identifying the key regulatory molecules involved.
MATERIALS AND METHODS
Cell Suspension Cultures
Arabidopsis (Arabidopsis thaliana), ecotype Landsberg erecta, suspension cultures (May and Leaver, 1993) 
Imposition of Stress Conditions, Introduction of 13 C Label, and Sampling
Oxidative stress conditions were induced by the addition of menadione. The effectiveness of the stress treatment was monitored by measuring the activity of aconitase (Smith et al., 2004) throughout a 24 h time course. Growth of the cultures was assessed prior to and during all experiments by monitoring the optical density (OD 600 ) of the cells. In addition, cell viability was determined using the method described by Swidzinski et al. (2002) . Living cells, stained with the vital stain fluorescein diacetate and dead, nonfluorescent cells were counted using fluorescence microscopy. A minimum of 200 cells were counted for each measurement. To provide starting material for replicated metabolite and transcript experiments 1.2 L of cell suspension culture was produced for each individual replicate. This provided sufficient material for sampling for GC-MS and microarray analysis. Thus, data from the two analytical methods are directly comparable because they are derived from the exact same cell culture. To account for flask to flask variability, suspension cultures for different replicates came from independently subbed mother cultures. Stress conditions were imposed in 4-d-old cultures by allowing the cells to settle from the original culture medium and resuspending them in fresh medium containing 60 mM menadione and [U-13 C-Glc] to a constant OD 600 of 0.6. The Glc and nutrient content of the replacement suspension medium was adjusted to match that of 4-d-old cultures. Glc in the replacement suspension medium was 13 C Glc (106 mM 13 C 6 Glc [99% atom 13 C]; Sigma-Aldrich). Cells from each treatment, replicate, and time point (0, 1, 2, 3, 4, 5, and 6 h) were collected at staggered intervals by filtration and snap frozen in liquid nitrogen.
GC-MS Analysis of 13 C Labeling and Metabolite Abundance
Metabolites for GC-MS analysis were extracted using a methanol/ chloroform extraction procedure. A total of 200 mg of powdered frozen Arabidopsis cell suspension material was homogenized in 1,400 mL of 100% (v/v) methanol with 60 mL of ribitol (200 mg L 21 ) as an internal standard.
Extracts were incubated for 15 min at 70°C on an orbital shaker (100 rpm) and then centrifuged at 4°C, 12,000g for 10 min. The supernatant was transferred to a new tube and mixed with 750 mL chloroform and 1,500 mL water. Extracts were centrifuged at 4°C, 12,000g for 15 min and aliquots of the resulting polar (upper) phase were taken for further analysis. A total of 100 mL and 200 mL aliquots of the polar phase were freeze dried and metabolites were subsequently derivatized and analyzed using an established protocol (Roessner et al., 2000) . The chromatograms and mass spectra were evaluated using the Masslab program (ThermoQuest). Metabolite abundances and the 13 C percentage enrichments of metabolites were determined using previously reported methods (Roessner et al., 2000; Roessner-Tunali et al., 2004) . Briefly, 13 C enrichment was calculated by measuring the changing abundance of isotopic spectral fragments of the molecular ion of each metabolite. Natural abundance of 13 C was corrected for by reference to an unlabeled control sample. The percentage label present in each metabolite was calculated from the total abundance of 12 C and 13 C ions in a particular metabolite pool.
Modeling of 13 C Labeling
where f s , f A , and f B are the fractional enrichment of label in S, A, and B, respectively. f s is assumed to be fixed and was given an arbitrary value of 0.1. If the fluxes are constant (although not necessarily equal) during the time interval being considered, then a time-dependent f A and f B can be computed. In all calculations the initial value of both A and B was 60 and the initial value of both f A and f B was 0. The fluxes were set according to the case being examined. The computation was done using Euler's method.
Microarray Analysis
A common reference experimental design was used in which each sample was compared to the same 0 h control sample. Four replicates of samples from the control and menadione treatment at 2 and 6 h were analyzed, with two replicates in each case being dye swapped. Total RNA was isolated from homogenized, powdered Arabidopsis cells using a TRIzol (Invitrogen) method (Giegé et al., 2005) . Glass slides containing elements from the Qiagen-Operon Arabidopsis genome array ready oligo set (AROS) version 3.0 were obtained directly from David Galbraith (University of Arizona). The Arabidopsis array contains 29,000 oligonucleotides. Technical details of the spotting of the slides and annotation of the array elements are provided on the University of Arizona Web site (http://www.ag.arizona.edu/microarray/). Total RNA was reverse transcribed and labeled with Cy-dCTP (Amersham) using standard protocols (Baxter et al., 2005) . Oligonucleotide array elements were immobilized according to the manufacturer's protocol (http://ag. arizona.edu/microarray/methods.html) on the day of hybridization. For hybridization, pelleted, labeled cDNA was resuspended in 19 mL of hybridization solution (2 3 SSC, 0.08% [w/v] SDS) and the Cy3-and Cy5-labeled probes were combined. A total of 2.4 mL of liquid block solution (GE Healthcare) was added to the labeled probes and these were denatured at 95°C for 2 min. Probe solution was added to the spotted surface of the slide and hybridization carried out under a hybri-slip (Sigma-Aldrich Chemie GmbH) in a humidified hybridization cassette (Telechem International) for 16 h at 55°C. Following hybridization, slides were washed for 5 min at 55°C in 2 3 SSC, 0.1% (w/v) SDS, 5 min at room temperature in 0.1 3 SSC, 0.1% SDS, and 5 min at room temperature in 0.1 3 SSC. Microarrays were scanned using an Affymetrix 428 Array scanner (Affymetrix) and acquisition software according to the manufacturer's instructions. After, scanning images were analyzed in Genepix Pro v. 4.1 software (Axon Instruments). Print-tip loess normalization was utilized as implemented in Smyth (2004) . Quality control of the microarrays was done using the ArrayMagic package (Buness et al., 2005) . Background subtraction was deemed necessary for reduction of regional bias according to the guidelines given in Scharpf et al. (2005) . Spots flagged as present by GenePix in fewer than 10 of the 16 arrays were discarded. Spots with more than two missing values for either time point were not tested for differential expression. Following data normalization and quality control all values were expressed relative to the 0 h reference value and ratios were log 2 transformed prior to further analysis.
Statistical Analysis of Microarray Data
To gain a qualitative overview of transcript changes microarray data was visualized using MapMan (http://gabi.rzpd.de/projects/MapMan/; Thimm et al., 2004) . Data from individual time points of oxidative stress treatments were directly compared to that of control cultures by creating a log ratio of treatment versus control data. These datasets were sorted into functional category bins and visualized using the MapMan program. To identify bins with a significantly high proportion of up-or down-regulated genes a mean log p approach was utilized (Pavlidis et al., 2002) that was recently shown to be preferrable to discrete overrepresentation tests (Allison et al., 2006; Raghavan et al., 2006 ). An arbitrary statistic for differential expression was formed as s d 52clog(p) where p is the P value from hypothesis test assessing the differential expression and c is 21 if the transcript is down-regulated and 1 if its up-regulated. To test a bin the average s d was calculated and its significance determined by taking 1e5 samples of the same size from the rest of the transcripts. Bootstrap P values were calculated as the amount of random samples larger than the observed average s d divided by the amount of random samples drawn. Reporter metabolites were identified from transcript data utilizing metabolic network topology and the algorithm described by Patil and Nielsen (2005) using a metabolite and enzyme interaction graph constructed from information in the Aracyc database (Zhang et al., 2005) . Ratios of 6 h transcript data (6/0 h transcripts) were used to identify reporter metabolites between treatments.
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